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Abstract 
This paper provides a critical review of the commonly used computational fracture models in structural engineering applications
including: (a) Rice and Tracey void growth model; (b) stress modified critical strain criterion; (c) Gurson-Tvergaard-Needleman 
model and (d) weakly coupled ductile fracture model. The performance of these models is evaluated using experimental data, and 
the merits and limitations of these models are provided. Finally, a new computational failure locus model is proposed and  is used 
as a fracture criterion in ABAQUS® finite element software to predict the ductile fracture in ASTM A992 structural steels.  
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Nomenclature 
R , R  rate of change of radius and radius of the dilating void 
D , E  model parameters 
*l  characteristic length of the material 
crVGI  critical void growth index 
0 , , ,N c Ff f f f          void volume fractions (initial, at nucleation, critical and failure) 
1 2 3, ,q q q   void interaction parameters 
* Corresponding author. Tel.: 1 574 631 2655; fax: 1-574-631-9236. 
E-mail address: kapil.khandelwal@nd.edu 
 014 Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 
l ction and peer- eview under responsibility of the Norwegian University of Science and Tech ology (NTNU), Department 
of Structural Engin ering
1948   Ravi Kiran and Kapil Khandelwal /  Procedia Materials Science  3 ( 2014 )  1947 – 1955 
Ns   standard deviation of nucleation strain 
TV   stress triaxiality
of e feffH   failure effective plastic strain
of
 
effH , effpH , pε  rate of effective plastic strain, effective plastic strain and plastic strain tensor 
NH   effective plastic strain at void nucleation 
0V , VV   initial and current void volume 
intD , int
crD  damage variable and its critical value 
xl , yl , zl   dimensions of the computational cell 
xr , yr , zr                semi axes of microvoid  
xx6 , yy6 , zz6  area averaged stresses 
H6 , M6   macroscopic hydrostatic and von-Mises stress 
m
pH   macroscopic strain 
vO   void elongation ratio 
a , b , c and d  failure locus model parameters 
 
1. Introduction 
Ductile fracture is one of the common fracture initiating mechanisms in metals. The computational fracture 
models employed to predict ductile fracture in metals can be broadly classified in to coupled and uncoupled models. 
The coupled models are continuum damage models in which a set of damage parameter(s) along with the plastic 
internal variable are used to simulate damage due to ductile fracture and plasticity due to dislocation movement 
simultaneously. On the other hand, in the case of uncoupled models, material damages process and plasticity is 
assumed to be uncoupled, and the stress strain data obtained using material models that can simulate plasticity alone 
is given as an input to uncoupled models in the post processing step. Finally, the material is assumed to fail when 
the damage defined by the uncoupled models exceed a certain critical value. In essence, damage is coupled and 
uncoupled with plasticity in the case of coupled and uncoupled models, respectively. The choice of a computational 
model is made depending on the expectations of the analyst in a particular application.   
The important applications of computational fracture models in structural engineering include but are not limited 
to the following: 1) to assess the fracture vulnerability of critical components in structural steel components/systems 
(Chao, Khandelwal et al. 2006); 2) to estimate the collapse performance of steel structures under extreme loads like 
earthquakes or blasts (Khandelwal and El-Tawil 2007; Alberdi, Przywara et al. 2013); and 3) in the design  of 
structural steel components and connections to avoid the initiation of ductile fracture (Myers, Kanvinde et al. 2009). 
There are several considerations that are expected to be satisfied by the computational fracture models for their use 
in the above stated applications: a) Computational efficiency: the scale of the structural engineering problems is in 
general very large when compared to other engineering applications. Hence, models with limited number of damage 
variables are preferable in structural engineering applications; b) Predictive capability: several idealizations of 
geometry and loading conditions are made while modeling the structural steel systems. These idealizations should 
not adversely affect the predictive capability of the computational fracture model; and c) Ease of calibration: the 
ultimate aim of the fracture modeling in structural engineering is to create resilient steel structures. This is possible 
only when these models can be used in design offices where a detailed experimental program to calibrate the 
fracture model cannot be conducted. A computational fracture model with reasonable number of material specific 
model parameters that can be calibrated and published in codes of construction practice for different structural grade 
steels is favorable.  
A critical review of some of the important computational fracture models commonly used in structural 
engineering applications is presented in this study. In addition, a new failure locus model for ductile fracture 
prediction is introduced. All the computational fracture models are validated using available experimental data. This 
paper is organized in to the following sections: Section 2 provides the introduction to the physical process of ductile 
fracture. Section 3 has the details regarding the experimental results and finite element analysis. Section 4 contains 
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the critical review of existing computational fracture models and the development of new failure locus model. 
Section 5 consists of a brief summary of this study and the scope for new research in the field of computational 
fracture modeling for structural engineering applications.     
2. Fracture in structural steels 
Ductile fracture is found to be the fracture initiating mechanism in structural steels when subjected to large 
plastic strains or plastic strain hysteresis. Microvoid nucleation, growth and coalescence are the three important 
steps in the ductile fracture process. Microvoid nucleation occurs due to debonding or breakage of inclusions in the 
metal matrix. These nucleated microvoids deform (dilate and elongate) in the plastically deforming metal matrix 
under the influence of the existing stress state. The stress state in the material is characterized by a dimensionless 
parameter called stress triaxiality ( )TV . Stress triaxiality is defined as the ratio between hydrostatic pressure and von 
Mises stress. High positive stress triaxilities lead to faster dilation of microvoids. Finally, ductile fracture is assumed 
to initiate when the dilated/elongated microvoids coalesce over a length greater than a certain characteristic length 
*( )l of the material.  
3. Experiments and modeling 
In this study, an axisymmetrically notched tensile specimen (C0) made of ASTM A992 steel is used to validate 
the calibrated computational fracture models (Figure 1 (a)). The displacement at which the load carrying capacity of 
the notch dropped abruptly is assumed as the point of ductile fracture initiation (Figure 1 (b)). The finite element 
analysis of the notch is performed in ABAQUS® (Dassault-Systèmes 2011) using fully integrated four noded hybrid 
axisymmetric elements. A mesh size of 0.08 mm is used in the critical cross section of the notch. All the model 
parameters provided in section 4 of this manuscript correspond to this mesh size.      
4. Computational ductile fracture models 
A brief account of various computational ductile fracture models that are commonly used in structural 
engineering applications is provided in this section. These models include: a) Rice and Tracey void growth model 
(VGM) (Rice and Tracey 1969); b) stress modified critical strain model (SMCS) (Mackenzie, Hancock et al. 1977); 
c) Gurson-Tvergaard-Needleman model (Tvergaard and Needleman 1984); d) weakly-coupled ductile fracture 
model (Kiran and Khandelwal 2014a) along with the newly proposed e) failure locus model. The performance of 
these models will be compared in the following sections. Despite extensive validation studies, only representative 
results are presented for the sake of brevity. 
4.1. Rice and Tracey void growth model (VGM) 
Rice and Tracey (1969) analytically studied the growth of an ellipsoidal void embedded in an ideally plastic 
material subjected to high stress triaxialities. From these analytical studies, Rice and Tracey (1969) proposed an 
exponential relation between the void dilation and the stress triaxiality which is given as:  
0.283exp( ) eff
R
T
R V
E H    (1) 
The void growth model (VGM) is obtained by integrating the Eq. 1 and assuming that the fracture initiates when 
a critical radius of microvoids is achieved over a characteristic length *( )l of the material and is given as: 
0
exp( )eff eff crT d VGI
H
VE H t³ for *r lt     (2) 
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crVGI is the critical void growth index which is a measure of the damage due to microvoid dilation. The critical 
void growth index ( )crVGI , exponential constant ( )E and characteristic length *( )l should be calibrated from the 
experiments. The calibrated material parameters are given as 3.5crVGI  , 1.15E   and * 200l mP for ASTM 
A992 steels. A detailed calibration procedure for VGM material parameters is provided elsewhere (Kiran and 
Khandelwal 2013a). These calibrated material parameters are used to predict the ductile fracture strain in the C0 
notch (Table 1). From Table 1, it is clear that the Rice and Tracey void growth model is able to predict the failure 
strain reasonably well. 
The following are the advantages of the void growth model (VGM): 1) the exponential damage law (Eq.1) is a 
good estimate for quantifying the microvoid dilation at high stress triaxiality; 2) the three material parameters of 
VGM can be calibrated from standard lab experiments. However, VGM also has limitations like: 1) the exponential 
damage law is not valid at lower and medium stress triaxiality, and hence VGM is only accurate at high stress 
triaxiality; 2) VGM is an uncoupled model and hence cannot predict the entire load displacement behavior; and 3) 
VGM cannot be used for locating the ductile fracture initiation location(Kiran and Khandelwal 2013a). Although 
VGM can be used to conduct preliminary studies to determine the vulnerability of structural components to ductile 
fracture, it has limited use in cases where a detailed fracture analyses is required.  
4.2. Stress modified critical strain criterion (SMCS) 
The stress modified critical strain criterion (SMCS) (Mackenzie, Hancock et al. 1977) is obtained by integrating 
Eq. 2 assuming that stress triaxiality remains constant throughout the deformation process and is given as: 
exp( )feff TVH D E   for *r lt    (3) 
In the case of SMCS, the effective plastic strain should exceed a certain failure strain ( )feffH  over a characteristic 
length *( )l of the material for the ductile fracture to initiate. The material parameters D , E and characteristic length 
*( )l should be calibrated from the experimental data. The calibrated material parameters are given as 5D  , 1.5E   
and * 200l mP for ASTM A992 steels. A detailed calibration procedure for SMCS material parameters is provided 
elsewhere (Kiran and Khandelwal 2013a). These calibrated material parameters are used to predict the failure strain 
in the C0 notch (Table 1). From Table 1, it is clear that the stress modified critical strain criterion is able to predict 
the failure strain reasonably well. 
The SMCS criterion inherits all the advantages and limitations of the previously provided void growth model. In 
addition, SMCS does not require the entire stress strain history like void growth model to predict the failure strains. 
This is an advantage in very large structural engineering problems. However, as SMCS does not consider the entire 
stress strain history, it cannot be used in a wide range of stress triaxialities without recalibration of the model 
parameters (Kiran and Khandelwal 2013a). 
Table 1: Fracture strain prediction using (a) void growth model and (b) stress modified critical strain criterion. 
Fracture model Notch Predicted Fracture Strain (%) Error (%) 
Void growth model C0 59.7 1.4 
Stress modified critical strain C0 64.2 -5.9 
4.3. Gurson-Tvergaard-Needleman model (GTN model) 
Gurson (1977) proposed a yield potential for porous materials on the basis of computational cell studies with void 
volume fraction as the damage parameter. Subsequently, Tvergaard (1982) and Needleman (Tvergaard and 
Needleman 1984) modified the original Gurson model to account for the microvoid interaction and sudden loss of 
strength at the initiation of ductile fracture by introducing void interaction and accelerated void growth parameters. 
This modified Gurson model is often referred to as the Gurson-Tvergaard-Needleman (GTN) model and is described 
in detail elsewhere (Tvergaard and Needleman 1984). The previously discussed VGM and SMCS models are 
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uncoupled models. Unlike these uncoupled models, GTN model is a coupled model and is capable of accounting for 
the microscopic damage caused due to microvoid nucleation and growth prior to ultimate failure. 
The GTN model has nine model parameters which can be broadly divided in to three different groups: 1) void 
interaction parameters ( 1q , 2q and 3q ) that account for the microvoid interaction; 2) material specific parameters ( 0f
, Nf , NH and NS ) that govern the damage caused by the microvoid nucleation phase of ductile fracture; and 3) 
ductile fracture parameters ( cf and Ff ) that simulate the damage due to the micro void coalescence phase of ductile 
fracture. The calibrated material parameters are given as 1 1.5q  , 2 1.0q  , 3 2.25q  , 0 0f  , 0.02Nf  ,
0.45NH  , 0.05NS  , 0.03cf  and 0.5Ff  for ASTM A992 steels. A detailed calibration procedure for GTN 
model parameters is provided elsewhere (Kiran and Khandelwal 2014b). The load displacement behavior predicted 
by the calibrated GTN model matched with the experimental results and is provided in the Figure 1(b).  
The following are the main advantages of GTN model: 1) accounts for the damage due to microvoid nucleation, 
growth and coalescence and hence capable of simulating the complete load displacement behavior of the damaged 
material; 2) can be easily implemented in to commercial finite element codes as a material model. The limitations of 
GTN model include: 1) computationally expensive due to the additional damage equations; 2) applicable only at 
higher stress triaxiality as GTN model only accounts for the damage due to microvoid dilation and neglects the 
damage due to microvoid elongation; 3) The model parameters may be non-unique. i.e. different sets of model 
parameters yield similar material behavior (Kiran and Khandelwal 2014b); and 4) too many model parameters that 
require material specific calibration. However, a properly calibrated GTN model can be used in most structural 
engineering applications under monotonic loading conditions. 
4.4. Weakly-coupled ductile fracture model (WC-DFM) 
Weakly-coupled models are a special class of ductile fracture models which are computationally efficient and 
have less model parameters when compared to the coupled fracture models like the GTN model. In the case of 
weakly coupled models, a damage parameter is calculated along with the plastic internal variable in the material 
model. This damage parameter is not coupled with the plastic flow in the case of weakly coupled models. Instead, in 
the case of weakly-coupled models, the damage is accounted by progressively reducing the yield strength of the 
metal to a small fraction of the initial yield strength when once the damage parameter exceeds a certain critical 
value. The evolution of the damage parameter in the weakly-coupled ductile fracture model is governed by 
micromechanical void growth equation proposed by Kiran and Khandelwal (2013b) which is given as:    
0int / (1.7 ln( ) 2.5)v effD dV V T dV H      (4) 
The yield strength at an integration point is progressively reduced to 10% of the initial yield strength when the 
damage defined by micromechanical void growth model (Eq. 4) exceeds a critical damage value int( )
crD . The critical 
damage value int( )
crD is the only model parameter that requires calibration in the case of weakly-coupled ductile 
fracture model. The calibrated critical damage value for ASTM A992 steels is given as int 1.69
crD  . A detailed 
calibration procedure for weakly-coupled micromechanical void growth model is provided elsewhere (Kiran and 
Khandelwal 2014a). The load displacement behavior predicted by the calibrated WC-DFM matches closely with the 
experimental results and is provided in the Figure 1(b).  
The following are the advantages of WC- DFM: 1) computationally efficient; 2) easy to calibrate as there is only 
one material parameter; 3) can be incorporated in to commercial finite element codes (Kiran and Khandelwal 2014a) 
as a fracture criterion along with any desired plasticity model; and 4) any damage law instead of Eq. 4 can be 
incorporated in to the weakly-coupled model. Following is the limitation of WC-DFM: The weakly-coupled ductile 
fracture model does not account for the damage due to microvoid nucleation and growth. This model is only 
applicable in metals like ASTM A992 steels where the damage due to microvoid nucleation and growth before 
coalescence is not significant. This model can be used to conduct a detailed fracture analysis in structural 
engineering applications as most of the structural grade steels are micro-structurally similar to ASTM A992 steels. 
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Fig. 1: (a) Geometry of notch C0 used in the experiments, (b) Comparison of the load displacement curve predicted by the GTN model, weakly 
coupled model and failure locus model with the experimental results. 
4.5. Failure locus model (FLM) 
All the previously discussed models can only account for the damage caused due to the micro void dilation 
ignoring the damage caused by micro void elongation. Several recent studies (for example: (Barsoum, Faleskog et 
al. 2011)) concluded that microvoid elongation is a major source of damage leading to ductile fracture at low stress 
triaxiality. Hence, it is important to find answers for the following two questions in order to accurately simulate the 
physics of ductile fracture: a) what is the transition stress triaxiality limit where the dominant damage mechanism 
shifts from microvoid dilation to elongation or vice versa?; and b) how to quantify the damage due to microvoid 
elongation?. A small number of representative results of detailed micromechanical analyses to address the above 
raised questions are presented in this study. A 3D computational cell (Fig. 2 (a)) with an embedded spherical void 
with initial void volume fraction 0 0.01f   is chosen for the micromechanical study. The computational cells are 
deformed along different paths of constant stress triaxialities [0,3.0]TV  maintaining an overall axisymmetric 
tension to obtain the evolution of macroscopic von Mises stress ( )M6  with respect to the macroscopic strain ( )pmH
(Fig. 2 (b)) and 6 ij are the macroscopic stress components. In addition, the evolution of void elongation ratio ( )vO , 
defined as the ratio between the largest and smallest semi axis of the deformed void, is plotted with respect to the 
macroscopic strain ( )pmH . The hardening properties of ASTM A992 steel is used in the micromechanical analysis. 
These results are used to address the issues pointed out in the initial part of this sub section. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2: Geometry of the computational cell, (b) definitions of micromechanical parameters. 
The evolution of the macroscopic von Mises stress ( )M6 indicates the softening effect due to microvoid dilation 
in the computational cell. The evolution of the macroscopic von Mises stress ( )M6 is provided in Figure 3 (a) and 
Fig. 4 (a). In the case of computational cells that are subjected to stress triaxiality 0.75TV t , an abrupt drop in the 
macroscopic von Mises stress ( )M6 has been noticed (Fig. 4 (a)). The abrupt drop in the macroscopic stress can be 
attributed to the softening caused by the rapidly dilating microvoid. This rapid evolution of the void volume fraction 
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in the case of computational cells subjected to stress triaxiality 0.75TV t is shown in Fig. 4 (b). On the other hand, 
no drop in the macroscopic von Mises stress ( )M6  is found when the computational cell is subjected to stress 
triaxiality in the range of 0 0.75TVd  . This can be attributed to low mircovoid dilation when the computational 
cell is subjected to triaxiality in the range of 0 0.75TVd  (Figure 3 (b)). Moreover, Figure 3 (c) and Fig. 4 (c) 
suggests that the mircovoid elongation is more dominant at triaxiality less than 0.75 when compared to the triaxiality 
greater than or equal to 0.75. Hence from these micromechanical analyses, it can be concluded that a stress 
triaxiality of 0.75TV  is the transition stress state at which the primary microscopic damage mechanism shifts from 
mircovoid elongation to dilation for ASTM A992 steels.  
In this study, the damage due to void dilation and elongation are accounted by constructing a computational 
failure locus. The computational failure locus defines the effective plastic strain above which the material can be 
assumed to fail ( feffH ) at a Gauss integration point in a finite element for a given stress triaxiality ( )TV . Previously, 
several authors (for example: (Bao and Wierzbicki 2004)) developed failure loci for different metals based on 
experimental studies. But in this study, micromechanical analyses are used in the place of experiments to determine 
the failure locus. The proposed computational failure locus has two branches: a) low triaxiality branch 
(0 0.75)TVd   and b) high triaxiality branch ( 0.75TV t  ) (Fig. 5). To obtain the low triaxiality branch, the local 
material failure (shear localization between elongated microvoids) is assumed to happen when the void elongation 
ratio ( vO ) exceeds a certain critical value. Based on a recent experimental study (Weck, Wilkinson et al. 2006), the 
critical void elongation ratio ( crvO ) is chosen as 4.0 in the failure locus model. Finally, the low triaxiality branch of 
the failure locus is obtained by plotting the macroscopic strain in the computational cell corresponding to the critical 
void elongation ratio ( 4crvO  ) with respect to the applied constant stress triaxiality ( )TV . In the high triaxiality 
regime ( 0.75)TV t , the local material failure (strain localization between dilated micro voids) is assumed to happen 
when the macroscopic von Mises stress ( )M6 drops abruptly. To obtain the high triaxiality branch of failure locus, 
the macroscopic strain corresponding to the drop in macroscopic stress is plotted with respect to the corresponding 
applied constant stress triaxiality ( )TV  (Fig. 5). The computational failure locus presented in this study qualitatively 
matched the previously proposed experimental failure loci (Bao and Wierzbicki 2004). Here it is important to note 
that the computational failure locus is qualitative in nature and not exact due to the assumptions made while 
constructing it. The general form of the failure locus is given as: 
VH  feff a dT for 0 0.75TVd     (5) 
VH  feff cbT for 0.75TV t    (6) 
where a , b , c are the independent material parameters and V V c ad bT T  is  the dependent material parameter. 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Low triaxiality regime: (a) evolution of void volume fraction, (b) von Mises stress and (c) void elongation ratio with respect to 
macroscopic strain. 
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Fig. 4: High triaxiality regime: (a) evolution of void volume fraction, (b) von-Mises stress and (c) void elongation ratio with respect to 
macroscopic strain. 
This computational failure locus is implemented in to ABAQUS® finite element program using *DAMAGE 
INITIATION (criterion=DUCTILE) and *DAMAGE EVOLUTION cards. This computational failure locus 
implemented in to the finite element program is referred to as failure locus model in the following discussion. The 
failure locus model is calibrated for ASTM A992 steels from the experimental results available in the literature 
(Kiran and Khandelwal 2013a). The calibrated model parameters for ASTM A992 steels are given as: 2.4a  ,
0.45b  , 2c    and 0.3a  . The calibration process for this model is omitted for the sake of brevity. The load 
displacement behavior predicted by the calibrated failure locus model matched with the experimental results and is 
provided in the Figure 1(b).  
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Computational failure locus. 
The following are the advantages of failure locus model: a) the failure locus model incorporates the damage due 
to microvoid elongation and dilation at low and high stress triaxiality, respectively. Hence, this model can be used in 
a wide range of stress triaxiality unlike the previous models; b) Implementation of this model in to commercial finite 
element codes is a straightforward process. The failure locus model is not dependent on the stress history and only 
depends on the current state of stress. This is a disadvantage in metals where the ductile fracture is strongly 
governed by the stress history. However, the failure locus model can be used in applications where there is a scope 
for encountering ductile fracture under wide range of stress triaxiality.  
5. Summary and Scope for Future Work 
The performance, advantages and limitations of several existing computational fracture models that are widely 
used in structural engineering applications to simulate ductile fracture under monotonic loading is provided. In 
addition, a new failure locus model which is based on a detailed micromechanical study is introduced. This model is 
validated using the existing experimental data.  
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Despite decades of research there are few aspects in the field of ductile fracture simulation that require additional 
research efforts especially in structural engineering applications: a) ductile fracture under monotonic tension: a 
computationally efficient and easy to calibrate coupled (continuum damage) model that incorporates microscopic 
damage mechanisms at all possible stress states (characterized by stress triaxiality and Lode parameter) is desirable; 
and b) cyclic loading: during earthquakes steel structures are subjected to ultra-low cycle fatigue (ULCF) loading 
which is characterized by very low number of cycles ( 100)fN d with large plastic strain reversals. A 
micromechanically sound computational fracture model that can account for the various microscopic damage 
mechanisms under ULCF is yet to be developed.  
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